The structure of the lipoplex formed from DNA and the sugar-based cationic gemini surfactant 1, which exhibits excellent transfection efficiency, has been investigated in the pH range 8.8-3.0 utilising Small Angle X-ray Scattering (SAXS) and cryo-electron microscopy (Cryo-TEM). Uniquely, three well-defined morphologies of the lipoplex were observed upon gradual acidification: a lamellar phase, a condensed lamellar phase, and an inverted hexagonal (HII) columnar phase. Using molecular modeling we link the observed lipoplex morphologies and physical behavior to specific structural features in the individual surfactant, illuminating key factors in future surfactant design, viz. a spacer of six methylene groups, the presence of two nitrogens that can be protonated in the physiological pH range, two unsaturated alkyl tails, and hydrophilic sugar head groups. Assuming that the mechanism of transfection by synthetic cationic surfactants involves endocytosis, we contend that the efficacy of gemini surfactant 1 as a gene delivery vehicle can be explained by the unprecedented observation of a pH-induced formation of the inverted hexagonal phase of the lipoplex in the endosomal pH range. This change in morphology leads to destabilisation of the endosome through fusion of the lipoplex with the endosomal wall, resulting in release of DNA into the cytoplasm.
Introduction
Gene therapy is an approach to treat acquired and inherited diseases by transfection, i.e. ferrying a correct copy of the defective gene into the cell.1 Viruses are the most effective transfection agents, but their application is not without risk for 
Results

M orphology an d packing of the vesicles an d lipoplexes
Free vesicles. The cryo-TEM image of 1 (Fig. 2a) reveals the presence of multilamellar vesicles (diameter range 200-400 nm). The diffractograms of free vesicles of 1 and 2 -1 -1 (not shown) show single broad diffraction peaks at q = 0.129 A-and q = 0.138 A-, respectively (Table 1) . Considering the well-defined lamellar structures observed in EM, these reflections are taken to be the crystallographic (001) reflections of lamellar structures with spacings (d = 2n/q001) of 48.7 A (1) and 44.5 A (2) ( Table 1) . Lipoplexes at p H 8.8-8.5 . The preparation of the lipoplex of 1 and salmon sperm DNA at pH 8.80 yields a turbid solution. Cryo-TEM (Fig. 2b ) reveals the presence of aggregates heterogeneous in both size (range 300 -1000 nm) and shape, which exhibit a characteristic uneven surface, consistent with DNA molecules sandwiched between the lipid bilayers.35-37 SAXS (Fig. 3a) shows a pattern of reflections (Table 1) (Fig. 3a, Table 1 ), indicating that the lipoplex is the major aggregated species in solution, and that the size of the domains possessing lamellar order has increased.40 At this pH, it is reasonable to assume that the gemini surfactant molecules in the lipoplex are singly protonated. Further acidification to pH 7.97 does not lead to any change in size or spacing of the lamellar structure. (Fig. 3b , Table 1 ).
In this pH range a transition to a condensed lamellar phase occurs, which is most prominent at pH 6.48 ( Fig. 3a) and characterized by (001) and (002) As can be seen in the SAXS patterns (Fig. 3b) , the condensed lamellar lipoplex undergoes a further transition between pH 6.00 and 5.45 to an inverted hexagonal columnar phase. Interestingly, the largest ordered domains, with a characteristic set of (100), (110), and (210) (Fig. 4) . A (200) reflection is typically also observed in such systems25 but is not observed in our system, possibly because the value of the form factor (see Appendix) happens to be very low at the position where it is expected. This may be related to a distortion from the ideal hexagonal lattice, or, as accounted for in detail in the Appendix, may be explained by effects of varying electron density in the cylinders, as the aromatic moieties and phosphate groups of the DNA are expected to have a higher electron density than the surrounding lipid. Cryo-TEM confirms the presence, at pH 5.13, of a lipoplex with a hexagonal (HII) morphology, shown in Fig. 2d and 2e in different orientations, highlighting the columnar characteristics and the hexagonal order, respectively. The Fourier transform of this image (Fig. 2e, inset) clearly shows the packing of the aggregate with an observed a spacing of approximately 56 A, which compares well with the SAXS-derived value. According to the SAXS data, the well-defined order of this hexagonal phase is destroyed upon further acidification of the solution to pH 3. At this low pH, micelles are formed18 and no defined order could be observed (Fig. 3b) .
Comparison with 2. In contrast to the rich variety in packing modes displayed by the lipoplex of 1 there was no evidence for any structural variations in the lipoplex of 2 -1 upon change in pH. A broad reflection at q = 0.1205 A~ (d = 52.1 A) was found at high pH and remained constant in both position and intensity throughout the pH range 8.8 3.0 with no evidence for a (002) reflection (not shown). The difference in behavior of the compounds highlights that the double bond present in the tails of 1, but not in 2, is an essential structural element in facilitating the morphological changes in the lipoplex and allowing the concomitant variation in tail packing upon changing the pH. This difference is also reflected in the gel to liquid-crystal phase transition temperature (Tc) of the DNA-free bilayer, which is 55 °C for 2 but below 0 °C for 1.18 The higher flexibility of the alkyl tails of 1 accounts for the relatively large increase in lamellar spacing (11.1 A) upon DNA complexation compared to only 7.6 A for 2, and its much larger pH sensitivity. Clearly, the unsaturated 9-octadecenyl tails in 1 reduce the resistance of the bilayers to morphological changes upon DNA complexation and pH variation. The lower value for the lamellar spacing of 2 compared to 1 in the lipoplex at high pH (d = 52.1, resp. 59.8 A, cf. In order to visualize the postulate that the DNA is templating a morphological change at a critical pH, we performed modeling studies on energy-minimized 1 (Fig. 1) and a standard B-DNA double helix, using packings and geometrical information derived from SAXS and EM as boundary conditions. The spacing of the bilayers in the free vesicles is obtained with intercalation of the alkyl tails up to the double bonds (Fig.   5 , top left). Bilayer formation with intercalation is also observed in a recent Molecular Dynamics study of the analogue with hexadecyl tails instead of the 9-octadecenyl and.
octadecyl chains in resp. 1 and 2,44 and is in line with SAXS results for that 13 compound.18 The lamellar phase for the lipoplex of 1 is illustrated (Fig. 5, middle) for DNA possessing a 20 A diameter and the alkyl chains intercalating to the double bond in order to reproduce the measured 59.8 A spacing. The observed complementarity of the spacing between the phosphate groups spacing across the minor groove in the DNA (10 A) to the ammonium functionalities of the doubly-charged gemini surfactant (9.5 A) is almost perfect (Fig. 5, bottom) . This indicates that cationic gemini surfactants require a spacer of six methylene groups for optimum transfection efficiency.# Finally, the possibility of the sugar headgroups of 1 to sit in the major grooves of DNA in the lipoplex structure prevents these functionalities from hindering 'localized' surfactant ammonium / DNA phosphate interactions (Fig. 5 , top right). 14 # However, other factors will also play a role and conclusions regarding the optimum spacer length should be treated with caution as 2 does not show more transfection activity than its analogue with a spacer of only four methylene groups.18
Discussion
We assert that the acid-induced change in morphology of the lipoplex formed from 1 and salmon sperm DNA from condensed lamellar to inverted hexagonal must be driven by a close association of largely doubly-protonated surfactant molecules with the DNA phosphate groups. The increase in pH that accompanies this event (cf. Fig. 4 ) is due to the concomitant exposition and protonation of unprotonated amine functionalities that were initially internalized in the condensed bilayers. In earlier studies on these gemini surfactants18,29 a proton-induced vesicle-to-micelle transition was observed and explained by significant protonation of the second amine moiety. This would cause a larger degree of counter-ion association and increased hydration, leading to an increase in the headgroup size, which favors micelles over bilayers in line with the shapestructure concept.45 The change from a lamellar to an inverted hexagonal phase observed here for the lipoplex of 1 requires a decrease in headgroup size and can be rationalized by a strong association between the doubly charged headgroup of 1 and phosphate moieties of the DNA, leading to i) local charge neutralization and ii) dehydration of both the phosphate groups and the headgroups, which result in an effective reduction in headgroup size. The occurrence of the morphological change at pH 5.45 is consistent with a vesicular pKa for 1 around this pH value. Thus we postulate that DNA is a template for the HII columnar phase due to 'specific' association of pairs of phosphates with the doubly charged gemini, as opposed to the 'atmospheric' (i. e. shown by electron microscopy19 that the DNA is found in endosomes but not in lysosomes, we propose that the factor that triggers the escape of the DNA from the endosome is the gradual decrease in pH30 that this organelle undergoes after formation.
Our finding that the inverted hexagonal phase can be formed with cationic lipids alone, upon lowering the pH, is important for the mechanism of transfection since it provides a reasonable explanation of why escape occurs from the endosome under these circumstances. 
Experimental Section
Materials. Compounds 1 and 2 were prepared as described earlier.18,48 The DNA used in this study was salmon sperm DNA (ACROS, 300-1000bp).
Sample preparation. The lipoplexes were formed at a 2:1 surfactant/DNA base pair ratio (the most effective formulation for transfection efficiency) and at concentrations of 27.5 mM and 11 mM of surfactant 1 and 2, respectively (limits of solubility). The pH was reduced by sequential addition of 0.1 M HCl in 5-10 ^l aliquots, and continuously monitored (Fig. 4) . Vesicular solutions were prepared by addition of solid surfactant to double distilled water with sonication and heating to 45 °C.
Sometimes the properties of a vesicle dispersion may slightly depend on the exact procedure for the vesicle preparation. In particular, small differences in size distribution can occur. In our study, we did not observe significant difference in case of vesicle preparation by sonication or sonication followed by extrusion.18 Lipoplexes were prepared by the addition of a 66 mM (charge concentration) solution of DNA to the vesicular solutions. Solutions were prepared in 5 ml volumes and aliquots of 60-100 ^l were removed for the SAXS study after each acidification step.
Cryo-TEM. Samples were prepared by vitrification in liquid ethane. The grids were then transferred to a Gatan model 626 cryo-EM holder and examined under lowdose conditions at -170 °C in a CM120 Philips microscope operating at 120 keV. A ppendix: Calculations of the effect of cylindrical packing and variation in electron density on the form factor of the lipoplex, accounting for a variation of intensity in the SAXS reflections.
SAXS. SAXS experiments
Consider that the scattered intensity
where F represents the form factor, S the structure factor, and N the number of particles in an irradiated volume. The form factor F is determined by
where O f p eiec) represents the Fourier transform of the electron density distribution.
The scattering by the lipoplex can be considered as a planar problem with cylindrical symmetry. As the system is essentially scalar, i.e. there is no preferred orientation in the sample, q is scalar.
Two cases should be considered.
(1) Rods of radius r 0 with uniform electron density distribution:
One may model the electron density distribution by a box-like function (Fig. a) .
It can be shown that in this case the electron density and form-factor can be defined as:51
Peicc (r) = j F (q) ■ J 0 (qr) ■ qdq The first minimum occurs at qro = 3.84. (2) Core-shell rods with two different densities (Fig. b) .
In this situation the form factor can be deduced as follows F (q) = 2 n ■ r0 J 1 (qr°) + 2 n ■ a -r1 J 1 (q r ) (Equation 6 )This is most likely to be the case for the lipoplex of 1. The electron density of the DNA is apparently higher than that of the surrounding lipids due to phosphate and A deep minimum develops around q = 0.25 A-1. The pattern can be in fact smeared to some extent by the possible size polydispersity of the lipoplexes, so that I is not necessarily equal to 0 at the minimum, but at any rate, its value can be quite low. 
